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The global monsoon system is so varied and complex that understanding and predicting its 
diverse behaviour remains a challenge that will occupy modellers for many years to come. 
Despite the difficult task ahead, an improved monsoon modelling capability has been realized 
through the inclusion of more detailed physics of the climate system and higher resolution in 
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our numerical models. Perhaps the most crucial improvement to date has been the 
development of coupled ocean-atmosphere models. From subseasonal to interdecadal 
timescales, only through the inclusion of air-sea interaction can the proper phasing and 
teleconnections of convection be attained with respect to sea surface temperature variations. 
Even then, the response to slow variations in remote forcings (e.g., El Niño–Southern 
Oscillation) does not result in a robust solution, as there are a host of competing modes of 
variability that must be represented, including those that appear to be chaotic. Understanding 
the links between monsoons and land surface processes is not as mature as that explored 
regarding air-sea interactions. A land surface forcing signal appears to dominate the onset of 
wet season rainfall over the North American monsoon region, though the relative role of 
ocean versus land forcing remains a topic of investigation in all the monsoon systems. Also, 
improved forecasts have been made during periods in which additional sounding observations 
are available for data assimilation. Thus, there is untapped predictability that can only be 
attained through the development of a more comprehensive observing system for all monsoon 
regions. Additionally, improved parameterizations – for example, of convection, cloud, 
radiation, and boundary layer schemes as well as land surface processes – are essential to 
realize the full potential of monsoon predictability. Dynamical considerations require ever 
increased horizontal resolution (probably to 0.5 degree or higher) in order to resolve many 
monsoon features including, but not limited to, the Mei-Yu/Baiu sudden onset and withdrawal, 
low-level jet orientation and variability, and orographic forced rainfall. Under anthropogenic 
climate change many competing factors complicate making robust projections of monsoon 
changes. Without aerosol effects, increased land-sea temperature contrast suggests 
strengthened monsoon circulation due to climate change. However, increased aerosol 
emissions will reflect more solar radiation back to space, which may temper or even reduce 
the strength of monsoon circulations compared to the present day. A more comprehensive 
assessment is needed of the impact of black carbon aerosols, which may modulate that of 
other anthropogenic greenhouse gases. Precipitation may behave independently from the 
circulation under warming conditions in which an increased atmospheric moisture loading, 
based purely on thermodynamic considerations, could result in increased monsoon rainfall 
under climate change. The challenge to improve model parameterizations and include more 
complex processes and feedbacks pushes computing resources to their limit, thus requiring 
continuous upgrades of computational infrastructure to ensure progress in understanding and 
predicting the current and future behaviour of monsoons.  

1. Introduction 

The majority of the world’s population lives in countries that rely on the regular return of the 
monsoon rains, where future increases in population, with their accompanying stresses on the 
environment, are most likely to occur. These countries often have semi-arid climates that are 
highly vulnerable to climate variability and change, particularly in terms of water availability 
and food security. It is, therefore, imperative to predict future changes in the monsoon with as 
much skill as possible. Although some monsoon regions feature abundant rains, the strong 
seasonality in rainfall means that understanding the timing, duration and intensity of 
monsoons is vital. Furthermore, the seasonal march of the monsoons dominates the global 
circulation, and the influence of monsoons reaches far beyond their immediate geographical 
domain.  

In May 1994 the World Climate Research Programme (WCRP) organised an 
international conference on ‘Monsoon Variability and Prediction’ and the challenge to the 
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modeller represented by monsoons could not be more succinctly put than in the Introduction 
to the Conference Proceedings: 

‘Understanding the physical processes that determine the monsoon phenomenon has 
proved to be a remarkable challenge. The processes are subtle and interactive, 
involving many components of the climate system, both local to the monsoon and 
remote from it. However, more than the pure scientific challenge of understanding, 
our ability to predict variations in monsoons, on timescales of days to years, has 
extraordinary implications for the economies of tropical countries, and represents 
one of the most fruitful areas where science and society can, and do, interact.’ 

More than fifteen years later this challenge remains.  

1.1. Basic Mechanisms: History of Using Models to Understand Monsoons 

For more than a century the potential for monsoon prediction has been realised via the 
occurrence of prior global conditions such as snow cover (Blanford 1884) and pressure 
variations between the Indian and Pacific Oceans (Walker 1924). These relationships became 
formalized by Charney and Shukla (1981) who suggested that variations in tropical weather 
conditions were potentially predictable based on the successful simulation of slowly varying 
lower boundary conditions. In this vein, many studies have used a modelling framework, 
ranging from conceptual models to fully coupled general circulation models (GCMs) of the 
ocean-atmosphere-land system to understand the mechanisms involved in monsoon processes 
and their prediction. Brief examples only are given here: 
i) Sea surface temperature (SST): On the large scale, the well known association between the 

El Niño–Southern Oscillation (ENSO) and the Asian summer monsoon has been 
extensively examined, as reviewed in Webster et al. (1998). One such modelling study is 
Ju and Slingo (1995), who implicated heating over the Maritime Continent region, and 
associated shifts in the ITCZ and Walker circulation, in communicating remote SST 
anomalies to Asian monsoon dynamics. Alternatively, ENSO heating may be 
communicated to the Asian monsoons via an asymmetric Rossby wave mechanism (the so-
called atmosphere–warm ocean interaction; Wang et al. 2000, 2003). Mechanisms may 
also rely on Indian Ocean heat transport in the mixed layer or surface heat exchange (e.g., 
Loschnigg and Webster 2000 and Lau and Nath 2000, respectively). Associations between 
ENSO and the American monsoons have also been recognized and modelled (Cazes et al. 
2003).  

ii) Snow: The historic hypothesis relating Himalayan or Eurasian snow cover with South 
Asian monsoon anomalies via perturbations to the large scale meridional temperature 
gradient was examined by several modelling studies (Yasunari et al. 1991; Shen et al. 1998; 
Becker et al. 2000; amongst others). Most modelling studies separate out the dominant 
influence of ENSO by prescribing climatological SST. Warming of the Tibetan Plateau has 
been shown to affect East Asian summer monsoon rainfall via Rossby wave forcing (Wang 
et al. 2008a). Jhun and Lee (2004) have also used GCM experiments to test the positive 
correlation between autumn snow–forcing in the Siberian High region on the East Asian 
winter monsoon. 
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iii) Soil moisture: Consideration of surface conditions other than SST is necessary to form a 
complete understanding of monsoon systems. Soil moisture, through its coupling of the 
atmosphere and land surface, has the potential to facilitate local interactions on short 
timescales (Webster et al. 1998) providing rapid feedbacks on precipitation. Early model 
studies such as Walker and Rowntree (1977) and Shukla and Mintz (1982) examined the 
impact of wet and dry soil conditions (for the Sahara and India/Southeast Asia 
respectively). Recent studies suggest that vegetation processes contribute significantly to 
set the continental-scale features of the South American monsoon system (Xue et al. 2006). 

iv) Orography: Invariant surface conditions also play an important role in the modelled 
representation of the mean state. The influence of the East African Highlands on the 
meteorology of the African continent and Indian Ocean was described, in the simple 
primitive equation model of Rodwell and Hoskins (1995) and also a full atmosphere GCM 
(AGCM) in Slingo et al. (2005), as essential for the correct positioning of the cross-
equatorial flow and consequent distribution of soil moisture and precipitation over Africa 
and the Indian Ocean region. The Tibetan Plateau is also fundamental to the monsoon 
climates of South and East Asia through its mechanical and thermal forcing (e.g., Wu et al. 
2007). Recent work has also shown the importance of orography for the correct placement 
of local precipitation features within the South American monsoon (Grimm et al. 2007). 

Such studies have been useful for identifying the essential mechanisms and processes for 
monsoon systems, and to make reliable predictions and larger scale projections. Other 
broader works involving cooperation between modelling groups have also been beneficial. 

1.2. Basic Predictability and Projections: History of Model Studies 

The results from the TOGA Monsoon Experimentation Group (MONEG; WCRP 1992, 1993) 
and from the Atmospheric Model Intercomparison Project (AMIP; Sperber and Palmer 1996) 
showed that the simulation of the interannual variation in Indian monsoon rainfall is a 
demanding test for an atmospheric GCM. In terms of Indian rainfall, for example, the 
predictive skill of the participating GCMs was limited, although the models showed much 
more predictive skill when assessed in terms of the interannual variation of the broad-scale 
monsoon circulation. The goal of providing skilful seasonal forecasts for the monsoon still 
eludes us. In part this is due to the lack of air–sea interaction in the AMIP experimental 
design, in which SST is prescribed as the lower boundary condition. In reality, such SST 
anomalies result from air–sea interaction. As such, AMIP models often represent positive 
rather than inverse relationships between precipitation and local SST, e.g. in the South China 
Sea or the Bay of Bengal (Wang et al. 2004). In addition, we do not yet have a clear idea of 
how predictable the system is likely to be, or how much the apparently chaotic behaviour of 
the intraseasonal variability may limit that predictability (Sperber et al. 2000). 

Numerous approaches to assessing monsoon predictability exist. One approach is 
dynamical seasonal prediction in which sets of observed (and slightly perturbed) initial 
conditions are used as the starting point for predicting specific observed seasons. 
Alternatively, ensembles of multi-decadal or multi-century simulations are made under 
present day and future scenarios. In this latter approach one is not making forecasts for a 
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given observed year, rather one evaluates the statistics of variability to discern the possible 
impact of anthropogenic forcing (e.g., IPCC). We next discuss general findings of these 
approaches for investigating monsoon predictability. More details for each monsoon system 
are given in Sections 2-6. 

1.2.1. APCC/CliPAS, DEMETER, and PROVOST Results 

Dynamical seasonal prediction is an evolving branch of forecasting that challenges models to 
the extreme (Kirtman and Pirani 2008). Retrospective skill has been assessed using 
ensembles of seasonal hindcasts in which the predictability is assumed to be due to slowly 
varying boundary conditions (e.g., SST). Experiments have been performed under the 
auspices of APCC/CliPAS (The Asian-Pacific Economic Cooperation [APEC] Climate 
Center [APCC]/Climate Prediction and its Application to Society [CliPAS]; Wang et al. 
2009), DEMETER (Development of a European Multimodel Ensemble System for Seasonal 
to Interannual Prediction; Palmer et al. 2004), and PROVOST (Prediction of climate 
variations on seasonal to interannual timescales; Doblas-Reyes et al. 2000). Together these 
projects encompass both Tier-2 and Tier-1 experiments. In the former case an SST forecast is 
made, typically persistence of observed anomalies into the future (though in idealized studies 
the SST from a coupled model may be used) and then these SSTs are used as the lower 
boundary condition in hindcasts made with an atmospheric GCM. Tier-1 hindcasts are made 
using fully coupled atmosphere–ocean GCMs (hereafter AOGCMs). The Results from these 
two methodologies suggest: (1) Tier-1 systems are essential for capturing monsoon 
variability, especially for the Asian domain, while Tier-2 AGCMs forced by prescribed SST 
are inadequate for monsoon seasonal prediction (Wang et al. 2005). This is because, for 
example, the Indian Ocean is not just a slave to ENSO, but air–sea interaction there serves to 
modify the direct forcing from the Pacific Ocean; (2) Monsoon prediction skill of surface air 
temperature is superior to that of precipitation; (3) Skill is mainly due to ENSO, but 
competing large-scale interactions preclude a unique ENSO–monsoon signal, even in terms 
of the sign of anomalies. Monsoon predictive skill is virtually absent in non-ENSO years; (4) 
Consistent with earlier results, the multi-model ensemble tends to have greater skill than any 
of the individual models, especially on seasonal timescales; (5) Assessment of forecasts of 
intraseasonal (Madden-Julian-type) oscillations has been more limited, mainly highlighting 
the poor representation of intraseasonal oscillations (ISO) in models as being a limiting factor 
is attaining the skill suggested from perfect predictability studies. 

Despite the present paucity of skill in forecasting monsoons on intraseasonal to 
interannual timescales, it is anticipated that improved forecasts can be obtained with better 
models of the climate system. A more accurate representation of intraseasonal variability in 
models is sure to improve medium-range to monthly forecasts. Meanwhile, reduction of 
systematic model error through development of better parameterizations, and the improved 
representation of multi-scale interactions, including land-atmosphere interactions, provides 
the potential to improve skill.  

1.2.2. Predictions of Monsoon Behaviour in IPCC Assessment Results 
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From the first assessment of the Intergovernmental Panel for Climate Change (IPCC), future 
monsoon behaviour has been related to the relative heating of land versus ocean. That is, as 
greenhouse gas concentrations increase and the planet warms, land heats up faster than 
oceans. This increases the meridional temperature gradient in South Asia (and potentially 
other regions) and strengthens the monsoon. The IPCC Third Assessment Report also noted a 
possible complication whereby increasing aerosols could act in competition with greenhouse 
gas forcing. If these aerosol effects are also taken into account, the nature of changes to the 
monsoon really depends on the future time evolution of aerosols over the monsoon regions. 
For example, an increase of sulphate aerosols can enhance reflection of solar radiation, thus 
weakening the heating of the land surface and contributing to weakening of the meridional 
temperature gradient and a less intense monsoon. The IPCC Third Assessment Report 
concluded as much, and noted that most of the future emission scenarios show an initial 
increase of sulphate aerosols over South Asia in the first part of the 21st century, for example, 
with decreases by the end of the century following likely de-sulphurization of industry and 
power generation. Therefore, the South Asian monsoon would first weaken slightly and then 
strengthen later in the century as sulphate aerosol loadings decrease and GHGs continue to 
increase, with the net effect being an increase in meridional temperature gradient and a 
stronger monsoon (Cubasch et al. 2001). 

Studies completed and assessed in the subsequent IPCC Fourth Assessment Report (AR4) 
note the important distinction between changes to monsoon flow and precipitation. More 
recent model studies have shown that there is a slight weakening of the Asian monsoon 
south-westerly inflow but monsoon rainfall is projected to increase due to a combination of 
increased moisture-holding capacity of the warmer air and the increase in evaporation over 
the warmer Indian Ocean even while monsoon circulation decreases (Meehl et al. 2007). 
Since then, studies have begun incorporating the effects of a more diverse range of aerosols, 
including black carbon.  

A key goal of monsoon modelling research is making projections of how short timescale 
events, such as extremes of precipitation, monsoon depressions and active-break cycles, may 
change in the future. At present uncertainties in these areas are high, partly because models 
do not have sufficient resolution to capture the convective processes and weather systems that 
give rise to these events. The recent IPCC Fourth Assessment Report gave some coverage to 
projections of rainfall extremes in monsoon climates (Meehl et al. 2007; Christensen et al. 
2007) with the general conclusion that climate warming is likely to be associated with 
increases in the risk of intense precipitation and associated flooding. This may occur even in 
regions of mean drying (Meehl et al. 2007) due to intensification of individual rainfall events. 

 
A more focused overview of recent modelling efforts for each of the monsoon systems is 

given below. Section 2 describes the state of current climate simulations of the South Asian 
monsoon and Section 3 gives an update on its future climate projections. Sections 4, 5 and 6 
focus on the East Asian summer monsoon, American monsoon systems and the African 
monsoon, respectively. Section 7 concludes this chapter with an outline of some of the major 
monsoon modelling challenges. 
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2. South Asian Monsoon: Contemporary Climate Variability and Predictability 

For the mainly agrarian societies of South Asia perturbations in rainfall can mean the 
difference between feast and famine. The South Asian monsoon tends to be dominated by 
two timescales of variability that have strong impacts on rainfall over this region: (1) 
interannual variations sometimes associated with ENSO, and (2) 30-60 day intraseasonal 
oscillations (ISO) that modulate convection and embedded synoptic variations (e.g., 
cyclones). ENSO is important because it provides a strong boundary forcing that establishes 
remote teleconnections over the monsoon region and elsewhere, whereas the ISO is important 
for the onset and active-break cycles of the monsoon. 

Due to interannual variations, the standard deviation of seasonal monsoon rainfall 
anomalies over India is about 10% of the climatological seasonal mean (e.g., Pant and Rupa 
Kumar 1997). Though accurate seasonal forecasts can provide the opportunity to ameliorate 
the possible effects of a deficient monsoon, the impact of intraseasonal events can be 
catastrophic in causing rainfall departures that can be 70% below normal for weeks at a time. 
The chaotic nature of intraseasonal events (Sperber et al. 2000) complicates amelioration 
efforts since, for example, crop failure can occur if the suppressed convective phase of the 
intraseasonal oscillation commences soon after seed has been sown. Additionally, the spatial 
heterogeneity of the rainfall departures associated with the interannual and intraseasonal 
perturbations challenges our ability to predict regional variations of monsoon rainfall. 

2.1. Interannual Variability and ENSO Teleconnections 

Seasonal forecasts are currently being made by major numerical weather prediction centres, 
with emphasis on predicting ENSO (van Oldenborgh et al. 2005). While useful skill in 
predicting regionally averaged ENSO SST indices extends to 6-12 months, the pattern of SST 
anomalies is less well represented in the seasonal forecasts, though it is crucial for predicting 
the monsoon teleconnections. For example, depending on the strength and location of El 
Niño SST anomalies, suppressed rainfall over India, due to changes in the Walker circulation, 
may be overwhelmed by local Hadley circulation perturbations leading to normal or above-
normal rains during El Niño, the reverse of that expected if the ENSO-monsoon 
teleconnection were the sole forcing of interannual monsoon variations (Slingo and 
Annamalai 2000). Also, model studies indicate that regional SST influences in the Indian 
Ocean can temper the robustness of the ENSO-monsoon teleconnection (Annamalai et al. 
2005). Additionally, the ENSO-monsoon teleconnection itself waxes and wanes on 
interdecadal timescales with climate model studies indicating that the weakening of this 
teleconnection in the late 1990s occurred due to natural variability rather than being due to 
anthropogenic forcing (e.g., Annamalai et al. 2007; Turner et al. 2007). 

Improved skill in seasonal monsoon prediction is attained using coupled ocean-
atmosphere models since air-sea feedbacks are important for establishing the correct 
teleconnections (Palmer et al. 2004). Even so, seasonal forecast skill of rainfall is 
predominantly confined over the ocean, with little skill over the land area of the South Asian 
monsoon (Wang et al. 2009), especially in non-ENSO years. Thus, even in years of strong 
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boundary forcing the ENSO-monsoon teleconnection does not always provide a unique 
solution, and predictions in non-ENSO years are even more challenging (Sperber and Palmer 
1996). Coupled models also develop systematic biases which can strongly affect the skill of 
the model to capture monsoon-ENSO teleconnections. Turner et al. (2005) showed that the 
use of limited area flux adjustment to improve equatorial Pacific SSTs has a substantial 
impact on monsoon-ENSO teleconnections (Fig. 1), by allowing the anomalous heating 
during El Niño to migrate eastwards away from the West Pacific warm pool and to establish 
the correct changes to the Walker circulation. These results have emphasised the importance 
of improving model basic state errors and also suggest that the commonly used approach of 
removing model bias after the forecast has been made is probably invalid in a system that is 
clearly not linear.  

 
Figure 1. Lag-lead correlations of JJAS All-India rainfall (AIR) with Niño-3 SST anomalies from 100-year current 

climate simulations of HadCM3 without and with flux adjustment (FA) to improve the mean state of the 
Indo-Pacific warm pool. Dashed curve shows the All-India gauge dataset correlated with HadISST SST. 
(from Turner et al. 2005) 

2.2. Active/Break Cycles 

The 30-60 day timescale of ISOs results in extended periods of enhanced and reduced rainfall 
that are associated with active and break cycles of the monsoon. The duration of the ISO life 
cycle bridges numerical weather prediction and seasonal/climate timescales. As such, 
knowledge of the initial state of the atmosphere is required, as is air-sea interaction for 
forecasting ISOs (Waliser et al. 2006). Figure 2 indicates the potential for 20-30 days of 
rainfall predictability based on numerical experiments initialized with small perturbations to 
the initial atmospheric state during different phases of the models ISO (Fu et al. 2007). 
Compared to earlier predictability studies in which an AGCM was used (Waliser et al. 2003), 
the use of a coupled model provides approximately one week of additional predictability. In 
two-tiered forecasts, ISO convective anomalies develop too soon since they lock on to the 
prescribed warm SST anomalies. One-tier forecasts, in which air-sea interaction gives rise to 
the SST, are more successful since the convection develops in quadrature with warm (cold) 
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SST anomalies that lead (lag) the convection, consistent with observations. These idealized 
dynamical predictability studies, and the success of empirical/statistical ISO forecasts (e.g., 
Wheeler and Weickmann 2001; Webster and Hoyas 2004), suggest the huge potential that 
dynamical predictions of the ISO have for improving monthly and seasonal forecasts. With 
such potential in mind, experimental intraseasonal forecasts are presently being made in real-
timea. 

 
Figure 2. The spatial distribution of ISO-related rainfall predictability in days averaged for all four initial 

condition phases from the coupled model. (after Fig. 9a of Fu et al. 2007) 

 

Issues and evidence of rectification of the intraseasonal variability onto the seasonal 
mean monsoon have been discussed in Waliser (2006). Observational evidence exists of a 
common mode of variability that links intraseasonal timescales to interannual variations of 
the monsoon (Sperber et al. 2000). Additionally, dynamical seasonal predictability hindcasts 
suggest the importance of correctly projecting the subseasonal modes onto the seasonal mean 
monsoon (Sperber et al. 2001). However, the leading mode is not linked to slowly varying 
components of the climate system (e.g., ENSO SST); rather it exhibits chaotic behaviour 
(Sperber et al. 2000). This chaotic behaviour can compete with the low frequency monsoon-
ENSO teleconnection, thus compromising our ability to make seasonal forecasts, even during 
years of strong boundary forcing. 

A further complication to the prospect of monsoon predictability is the presence of a 
hierarchy of modes/timescales that govern monsoon variability (Annamalai and Slingo 2001). 
Even so, improvements in our ability to simulate the boreal summer ISO (Sperber and 
Annamalai 2008) bode well for realizing the potential predictability suggested by the 
aforementioned idealized ISO predictability experiments. The full potential of dynamical 
monsoon predictability can only be realized with an improved understanding of the physics 
of the ISO. To this end a more systematic approach for diagnosing the ISO in models has 
been proposed (CLIVAR MJO Working Group 2009), and forecast diagnostics are in 
development with case study hindcast experiments being considered (http://www. 
usclivar.org/mjo.php). 
                                                 
a  See http://www.esrl.noaa.gov/psd/mjo and http://www.cpc.ncep.noaa.gov/products/precip/CWlink/MJO/mjo 
.shtml 
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3. South Asian Monsoon: Future Climate Change Projections 

3.1. Future Climate Scenarios 

There are two aspects of monsoon activity that are relevant to how the South Asian monsoon 
may react in a future climate with increased greenhouse gases. One relates to the simple 
property of the climate system whereby land areas, with their lower heat capacity, warm 
faster than oceans in transient climate change scenarios with increasing greenhouse gas 
concentrations. Since a major driver of the South Asian monsoon is the regional-scale land-
sea temperature contrast, or more accurately meridional tropospheric temperature gradients, a 
situation where land is warming faster than ocean should strengthen this gradient and thus 
intensify the monsoon. Indeed, the IPCC Third Assessment Report notes this response to 
increasing CO2. 

More recent work has expanded on those earlier studies and looked at the relationship 
between the dynamics of the monsoon and its precipitation in a future warmer climate. The 
emerging picture is a bit more complicated than the earlier results. For example, Tanaka et al. 
(2005) studied a multi-model dataset consisting of 15 coupled atmosphere-ocean GCMs to 
show a weakening of the dynamical monsoon circulation of 14% by the late 21st century 
compared to the late 20th century. Another possible consequence of tropical climate change 
related to increases of GHGs is the relatively large tropospheric warming in the tropics 
compared to higher latitudes. This thermodynamic change was credited with reducing the 
meridional temperature gradients in the South Asian region in an eight member multi-model 
ensemble, thus producing weakened monsoon circulation (Ueda et al. 2006). 

The second major response of the system to consider when examining possible future 
changes of the South Asian monsoon relates to the increase of SST in the Indian Ocean. This 
produces greater evaporation, an increased moisture source for the monsoon, and a 
consequent increase in monsoon rainfall (Douville et al. 2000; Meehl and Arblaster 2003; 
May 2004). A related response is a northward shift of the surface monsoon winds that carry 
moisture and rainfall farther north over South Asia, but with an associated weakening of the 
monsoon southwesterlies (Ashrit et al. 2003, 2005; Turner et al. 2007).  

Perhaps the major uncertainty in future projections of the mean South Asian monsoon 
lies in the effects of aerosols. Early studies of monsoon changes included either no aerosols 
(GHGs only), or only the direct effects of sulphate aerosols. The IPCC Third Assessment 
Report noted that including sulphate aerosols could act in competition with the increasing 
temperature gradient by reflecting sunlight over South Asia, reducing land warming 
compared to the ocean, and thus weakening the monsoon. This additional aspect was 
examined further in the IPCC Fourth Assessment Report (Meehl et al. 2007). More recent 
studies have examined the effects of black carbon aerosols on the monsoon. Meehl et al. 
(2008) showed that the recent decline of observed South Asian monsoon rainfall is likely 
connected to the increase in black carbon aerosols over South Asia. The result has been a 
change in the seasonality of the South Asian rainfall, with an increase in pre-monsoon rainfall 
and a decrease during the monsoon summer. This was attributed to a mechanism known as 
the “elevated heat pump” (Lau et al. 2006) whereby the black carbon aerosols both reflect 
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sunlight during the pre-monsoon, cooling the Indian subcontinent and north Indian Ocean, 
and absorb solar radiation to heat the lower troposphere. This heated air is advected 
northward over the Tibetan Plateau, contributing to the elevated heat source and enhancing 
on-shore flow driven by the meridional tropospheric temperature gradient, with consequent 
increases in pre-monsoon rainfall. However, the black carbon aerosols rain out with the 
approach of the monsoon season, diminishing the elevated heat source and weakening the 
meridional temperature gradient. Additionally, the Indian subcontinent is left cooler from the 
effects of aerosol-reflected solar radiation, the monsoon flow weakens, the equatorial Indian 
Ocean is warmer than the north Indian Ocean, and monsoon rainfall over South Asia 
consequently decreases while precipitation increases over the ocean regions farther south.  

The possible future effects of ongoing increases in black carbon aerosols over South Asia 
were highlighted by Ramanathan et al. (2005) who showed, for a business as usual black 
carbon aerosol scenario, a decrease of monsoon season rainfall of roughly 25% by around 
2050. These recent studies with the combined effects of sulphate and black carbon aerosols 
highlight the seasonal and longer term changes that may be in store for the South Asian 
monsoon resulting from the effects of increased GHGs and aerosols. 

Another key point of interest for future behaviour is whether the monsoon will become 
more or less variable. Most results to date have indicated the former, with projected increases 
in monsoon interannual variability in a future warmer climate (Hu et al. 2000; Meehl and 
Arblaster 2003). This has been shown to come from two possible sources. Hu et al. (2000) 
analyzed an AOGCM that showed future El Niño events would become more variable, and 
thus transmit that enhanced variability to the South Asian monsoon via the large-scale east-
west circulation. However, Meehl and Arblaster (2003) used analyses of AOGCM results and 
sensitivity experiments to show that the future monsoon variability would increase 
independent of any change to ENSO variability, simply because of warmer mean tropical 
Pacific and Indian Ocean SSTs. That is, the nonlinear relationship between SST and 
evaporation dictates that for a given interannual fluctuation of tropical Pacific SSTs, with a 
warmer base state the evaporation response would increase, thus enhancing interannual 
evaporation and resulting precipitation variability even if the El Niño variability stayed the 
same as today. These studies indicate that a future increase of South Asian monsoon 
interannual variability is a relatively robust result. 

3.2. ENSO-Monsoon Teleconnections 

In Section 2.1 the importance of capturing monsoon-ENSO teleconnections for describing 
monsoon interannual variability has been noted and a key question under climate change is 
whether this teleconnection may change. Ashrit et al. (2003) documented a relatively robust 
dynamical connection between the tropical Pacific and the South Asian monsoon that 
changed little in a future warmer climate, but there can be different results depending on the 
index used, whether it is a dynamical index or monsoon area-averaged rainfall. For example, 
in Turner et al. (2007), the dynamical teleconnection between ENSO and the South Asian 
monsoon is strengthened in a future warmer climate whereas an area-averaged monsoon 



 12 

rainfall index and its teleconnection with ENSO either weakened somewhat or stayed about 
the same.  

Although there have been some suggestions of a weakening of the monsoon-ENSO 
teleconnection in recent decades, possibly due to global warming (e.g., Krishna Kumar et al. 
1999), more recent studies have indicated that this may be more indicative of decadal-
timescale variability, since this relationship appears to have been strengthening again 
(Annamalai et al. 2007). The role of natural low-frequency variability in the monsoon-ENSO 
teleconnection appears to be considerable (e.g., Ashrit et al. 2003; Annamalai and Liu 2005; 
Turner et al. 2007), thus complicating efforts to attribute changing teleconnections to 
anthropogenic warming. 

3.3. Active/Break Cycles and Extreme Events 

Initial attempts to predict changes to monsoon intraseasonal variability used AGCMs in 
climate change time-slice integrations forced by results from coupled models. These allow a 
reasonably high-resolution focus on particular regions while remaining relatively 
computationally inexpensive. In one such study, May (2004) used a high-resolution version 
of ECHAM4 (European Centre-Hamburg Model generation 4) to make projections of the 
probability of heavy rain events, the magnitude of extreme precipitation events and return 
times between 30-year events over India. The likelihood of extremes and their magnitude 
were both found to increase, particularly over the Arabian Sea. Douville (2005) cautions 
however that AGCM timeslice experiments cannot properly capture the true response of 
regional features over South Asia to global warming due to their lack of ocean-atmosphere 
coupling (see Section 2.2).  

While Dairaku and Emori (2006) used an AGCM to suggest that increases in extreme 
precipitation over South Asia had their origins in dynamic effects, there may be strong 
mechanistic differences between A- and AO-GCMs. Turner and Slingo (2009a) used the 
HadCM3 (Hadley Centre Coupled Model version 3) coupled GCM to show not only that 
extremes of monsoon precipitation were increasing due to mainly thermodynamic effects, but 
that these increases were very predictable based on the degree of warming and the expected 
increases in moisture from the Clausius-Clapeyron relationship (see Fig. 3). Even when 
comparisons are made across the fully coupled models in the 3rd Coupled Model 
Intercomparison database (hereafter CMIP3), large uncertainties in changes to tropical 
precipitation extremes abound (Kharin et al. 2007). One potential source of this uncertainty 
lies in the type of convective parameterization employed (Turner and Slingo 2009b). There 
are also diverse projections in the spatial distribution of changes to extremes across South 
Asia, which Turner and Slingo (2009a, 2009b) suggest are model dependent and can only be 
relied upon when the projected pattern of mean change is more certain. 

Given the coarse resolution of GCMs and their inherent poor representation of tails of the 
rainfall distribution (e.g., Sun et al. 2006), downscaling techniques have been utilized to 
improve confidence in projections. Dynamical downscaling, involving the nesting of regional 
climate models (RCMs) within GCM output, provides one such method. As reported in 
Christensen et al. (2007), large increases in precipitation extremes are projected for the end of 
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the 21st century, particularly over the west coast and west central India (Rupa Kumar et al. 
2006), regions where mean increases were also concentrated. 

Few authors have attempted to make future projections of monsoon active-break cycles 
(whose timing, frequency and duration are of immense importance to agriculture) – indeed no 
evidence was presented in the IPCC AR4 in this regard. Mandke et al. (2007) examined 6 
models in the CMIP3 archive using a precipitation index and found inconsistent responses 
even among the same model to different forcing scenarios. Of particular concern is the ability 
of coarse resolution GCMs to simulate the finer details of the spatio-temporal evolution of 
active-break events. However, Turner and Slingo (2009a) demonstrated that even relatively 
coarse resolution GCMs such as HadCM3 could show evidence of details such as the 
convective dipole (equatorial Indian Ocean versus Indian subcontinent) and northward 
propagation of ISOs. Neither study reported changes to the duration or frequency of break 
events, but Turner and Slingo (2009a) do suggest that both active and break events may 
become more intense in the future. 

 
Figure 3. Levels of precipitation over India associated with upper percentile extremes at 1xCO2 (black) and 2xCO2 

(red) in HadCM3. Their ratio is plotted as percentage increase (green). The maximum percentage increase 
shown closely matches that expected (marked with an asterisk) due to warming over the Arabian Sea region 
and the Clausius-Clapeyron relation = 2.09K x 6.05%/K = 12.6%. (after Turner and Slingo 2009a) 

4. East Asian Summer Monsoon 

4.1. Contemporary Climate Variability 

The East Asian summer monsoon (EASM) is quite different in nature from the South Asian 
monsoon which is dominated by the north-south land-sea contrast. The EASM, however, is 
characterized by an east-west orientated rain band that extends from southern China to Japan, 
referred to as the Mei-Yu/Baiu rain band in this review. The rain band characterizes the pre-
summer rainy season, and its northward shift or disappearance brings hot mid-summer 
climate to the East Asian countries. It is generally agreed that the formation and variability of 
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this rain band can only be understood as a combination of tropical and extratropical 
influences (e.g., Ninomiya and Murakami 1987).  

So far, most state-of-the-art GCMs have difficulties in realistically simulating this rain 
band (Kang et al. 2002). In many cases it has been difficult to reproduce appropriate east-
west orientation and north-south concentration of the band, its swift northward migration 
during the onset, not to mention its intraseasonal and/or mesoscale variability. These 
difficulties may arise from the complex features of the Mei-Yu/Baiu rain band: its narrow 
north-south scale, frontal structure characterized not just by temperature but more by 
moisture contrast, possible control both from the upper-air subtropical jet (and its meander) 
and low-level south-westerly moisture flow on the western edge of western north Pacific 
subtropical high, and the possible role of sub-synoptic-scale disturbances in bringing 
convectively active precipitation (Ninomiya 2004). 

Recent attempts at high-resolution atmospheric modelling, however, have made 
considerable progress in overcoming some of these difficulties. Consistent with the horizontal 
resolution sensitivity study of Sperber et al. (1994), Kawatani and Takahashi (2003) have 
shown that their T106 (~110 km grid) AGCM successfully reproduced the east-west oriented 
Mei-Yu/Baiu rain band. The latter authors noted that attaining a realistic strength and vertical 
structure of the simulated rain band was sensitive to a tuning of gravity wave drag which is 
strongest over the Tibetan Plateau and controls the downstream structure of the subtropical 
jet. Kimoto (2005) demonstrated that a high-resolution (T106) version of their coupled 
atmosphere-ocean GCM has considerable advantage in reproducing realistic frequency 
distribution of strong rain events in comparison to a lower resolution version (T42 ~280 km). 
Kobayashi and Sugi (2004) tested a range of AGCM resolutions from T42 to T213 and noted 
that while seasonal mean rainfall featured a similar distribution at all resolutions, synoptic 
scale events and tropical cyclones were much better simulated at T213. A very high-
resolution AGCM of 20 km mesh run by the Japan Meteorological Agency (JMA)/ 
Meteorological Research Institute (MRI) reproduces a realistic onset and retreat of the rain 
band, which enables investigations of changes in Mei-Yu/Baiu period under the influence of 
anthropogenic climate change (Kusunoki et al. 2006). The same model also shows a much 
improved simulation of orographic rainfall and distribution of extreme events (Kitoh and 
Kusunoki 2008).  

It is known that tropical to midlatitude variability of the East Asian summer monsoon is 
much affected by convective activity over the tropical north-western Pacific, where many 
GCMs have difficulties (Kang et al. 2002). Arai and Kimoto (2007) note an advantage of 
resolution in reproducing the high-latitude anomaly centre of the tripolar pattern. More 
detailed studies need to be carried out for better understanding of mechanisms of East Asian 
monsoon variability, both forced and natural, in which models with high resolution and 
improved convection should play a crucial role. 

4.2. Decadal and Longer-Term Variations 

Decadal and longer-term variations also need to be considered when examining change in the 
EASM. While Hirota et al. (2005) identified a recent (1979-2003) trend that resembles the 
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tripolar pattern, it is well known that centennial time series of monsoon precipitation show 
large interdecadal variations (e.g., Goswami 2006). Wu and Wang (2002) noted changes in 
the relationship between the EASM and ENSO since the late 1970s, particularly over 
northern China and Japan during ENSO decay. Whilst the Indian monsoon-ENSO 
relationship has tended to weaken during this period, enhancement has occurred for the 
EASM (Wang et al. 2008b). Recently, Lei et al. (2010) have reported resemblance between 
simulated natural modes of precipitation variability and those of observed decadal variations 
over China. Furthermore, based on model simulations, Arai et al. (2009) note that the impact 
of anthropogenic aerosols on the long-term precipitation trend may not be negligible. Clearly, 
understanding climate variability and change in East Asia warrants better modelling 
capability, in terms not only of resolution, but also of improved physical processes. 

4.3. Future Climate Scenarios 

Kimoto (2005) has shown that the mean change of the large-scale East Asian summer 
monsoon in a T106 GCM is characterized by a “tripolar pattern” (Fig. 4b), which consists of 
three upper-air anomaly centres in the East Asian longitude belt between 120°E and 150°E: 
one over the north-eastern Eurasian continent around 60°N, another over the latitude of 30-
40°N, and one in the subtropics around 15-20°N. Under global warming, the first and third 
centres have positive height change tendencies, and the second (middle) centre has a negative 
tendency in the GCM. Arai and Kimoto (2007) note that this simulated pattern of change has 
considerable resemblance to the observed (Fig. 4a), as well as simulated, mode of interannual 
variability, which has been frequently discussed in the literature. Both Kimoto (2005) and 
Arai and Kimoto (2007) emphasize the dual role played by extratropical and tropical factors; 
the former is related to meanders in the summertime polar-frontal jet that develops on the 
border between warm Eurasian Continent and relatively cool Arctic Ocean. The meanders in 
the polar-frontal jet (or so-called Okhotsk High) activity can be subject to springtime 
continental warming (Kodera and Chiba 1989; Arai and Kimoto 2005; Kimoto 2005). 

 
Figure 4. The tripolar pattern in East Asian summer monsoon variability. (a) Regression coefficients against JJA-

mean observed precipitation (percentage) anomalies for western Japanese stations during years 1951-2002. 
The NCEP/NCAR reanalysis data is used for height and winds and 1979-1998 CMAP data for precipitation. 
(b) JJA climate change as simulated by an ensemble of T106 AGCM runs (Kimoto 2005). Contours are for 
500 hPa geopotential height anomalies (m), shading for precipitation (mm/day) and vectors for 850 hPa wind 
anomalies (m/s). 
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The resemblance between the natural variability and forced climate change, along with 
possible roles of extratropical and tropical influences on the East Asian tri-polar pattern, 
makes its study scientifically challenging. Kosaka and Nakamura (2006) investigated the 
equatorward half of the tripolar pattern as a classical Pacific-Japan (PJ) teleconnection (Nitta 
1987) and noted that it can be interpreted as a natural dynamical mode arising from the three-
dimensionally varying summertime monsoon basic flow. Hirota (2008, personal 
communication) gives an extended interpretation dealing also with the high-latitude features. 

5. American Monsoon Systems 

5.1. Contemporary Climate Variability and ENSO Impacts 

The warm season flow over the Americas shows the classical monsoon-type surface low 
pressure/upper-level anticyclone, intense low-level inflow of moisture from the ocean, 
seasonal increase in regional precipitation, and large-scale convergence zones with ascent to 
the east and descent to the west over the ocean (Nogués-Paegle et al. 2002; Higgins et al. 
2003; Vera et al. 2006a; Mechoso et al. 2005). We refer to the warm season circulations in 
tropical North and South America as monsoon systems (NAMS and SAMS, respectively). 

Precipitation during NAMS has a relative minimum in the warm season along the Sierra 
Madre Oriental and the Caribbean (mid-summer drought or MSD) in association with 
seasonal displacements of the ITCZ in the eastern Pacific. 

Contemporary general circulation models capture the large-scale circulation features of 
the American monsoons, but fail to produce realistic simulations of the statistics of regional 
precipitation patterns and how they are modulated by the large-scale circulation. The models 
show important differences in the simulated precipitation in regions of complex terrain, 
monthly evolution, and diurnal cycle of precipitation (Gutzler et al. 2003; Ma and Mechoso 
2007). These difficulties are particularly clear in the timing and intensity of the MSD and 
South Atlantic Convergence Zone (SACZ). 

Tropical intraseasonal oscillations such as the MJO modulate a number of different 
weather phenomena affecting the American monsoon systems, such as tropical cyclones and 
easterly waves, Gulf of California surges, and SACZ intensity. NAMS and SAMS rainfall 
variability on different timescales have a continental-scale pattern showing an out-of-phase 
relationship between precipitation anomalies in the core regions and those to the northeast 
and southwest, respectively. In the southwestern U.S., wet (dry) conditions during winter are 
often followed by stronger (weaker) NAMS events. This is consistent with a significant local 
impact of anomalous land surface conditions. 

Warm and cold ENSO events tend to be associated with weaker and stronger SAMS, 
respectively. SST anomalies in the eastern equatorial Pacific during the northern winter are 
significantly and positively correlated with precipitation anomalies in the southwestern U.S.. 
Therefore, such SST anomalies can be linked with either drought or flood in the Great Plains 
of North America during the following summer through lasting impacts on local land surface 
conditions in the southwestern U.S., and the continental-scale pattern of NAMS rainfall 
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variability mentioned above. Cold (warm) SST anomalies in the tropical North (South) 
Atlantic have been linked with stronger SAMS rains. An association has also been reported 
between SSTs higher than 29°C in the Gulf of California and anomalously strong NAMS 
events in Arizona. Observational evidence indicates the springtime snowpack modulates the 
amplitude of the NAMS (Ropelewski et al. 2004); no similar relationship has been proposed, 
to our knowledge, for the SAMS. 

Recent research has identified a major feature of convection over tropical South America 
on intraseasonal timescales, which could be thought of as the counterpart to South Asian 
monsoon breaks (Ma and Mechoso 2007). Anomalous SAMS precipitation shows a 
continental-scale dipole-type pattern with centres in north-western and central/south-eastern 
Brazil, indicating a stronger (weaker) SACZ. In central Amazonia, anomalous winds at low-
levels change direction from predominantly easterly to westerly for periods longer than three 
days (see schematic in Fig. 5). The observed diurnal cycle in precipitation during the 
convection (or wind) regimes shows an early-afternoon maximum over Amazonia. 
Depending on location, there can be a second early-morning (nocturnal) maximum when low-
level winds are persistently from the east. This sensitivity of the diurnal cycle of precipitation 
to wind direction is largely missed by current GCMs.  
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Figure 5. Schematic showing mean precipitation and wind anomalies (contours and vectors, respectively) 

corresponding to the westerly and easterly regimes in Amazonia (left and right). Data from NCEP/NCAR 
reanalysis for the period 1949-2003. (from Kalnay et al. 1996)  

 

Intense work is currently dedicated to improve the model, data-assimilation and data-
gathering components of numerical climate prediction systems in order to increase forecast 
skill, particularly in the warm season. Models use increasingly higher resolution to better 
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resolve orographic and regional effects of the complex terrain that makes up the NAMS and 
SAMS regions. Regarding model physics, areas targeted for improvement include the 
parameterization of convection, boundary layer, and land surface processes. The need to 
enhance local observing systems has been demonstrated. Additional work is dedicated to 
explore and mine new potential sources of predictability. In this regard, accurate forecasts of 
MJO activity could lead to significant improvements in the skill of warm season precipitation 
forecasts over the Americas. 

5.2. Predictability and Prediction 

On seasonal to interannual timescales, the potential for enhanced predictability resides in the 
possible effects on the atmosphere of slowly varying surface conditions. The influence on the 
NAMS and SAMS of varying conditions over oceans and land reported so far is somewhat 
marginal. Consistently, predictability studies with global models generally obtain modest 
levels of seasonal-mean precipitation skill over the NAMS and SAMS domains. Nevertheless, 
predictive skill of warm season rainfall in the Americas is useful in the tropics (Goddard et al. 
2003). ENSO effects contribute to higher predictability in the north and south of the SAMS 
domain. Zamboni et al. (2009) show that, in southeastern South America during the warm 
season over the period 1959-2000, the long-range rainfall forecasts by the coupled AOGCMs 
in the DEMETER project show poor skill in general, but higher skills in ENSO years.  

The importance of atmosphere-land interactions increases towards the end of the dry 
season, when surface heating weakens the static stability of the overlying atmosphere 
resulting in favorable conditions for the wet season onset. In view of the marginal sensitivity 
of NAMS and SAMS to oceanic anomalies, one could argue that anomalous surface 
conditions are more important during the wet season onset. The relative roles of remote 
forcing (particularly SST) and regional land surface forcing in the development, maintenance, 
and decay of NAMS and SAMS are a matter of current debate (Grimm 2003).  

Lag composites of geopotential height anomalies at 850mb prior to the establishment of 
the wind regimes in Amazonia (Fig. 5) show the development of structures in the South 
Pacific that resemble the principal modes of variability in that region, which are usually 
referred to as the Pacific South American (PSA) patterns. This finding suggests that links 
exist between the wind regimes and the modes of intraseasonal variability over the South 
Pacific and over South America. Thus, it is proposed that the wind regimes over Amazonia 
are associated with low-frequency variability in the extratropical circulation. The potential 
predictability of this feature is being explored. 

An important contributor to the low prediction skill of the American monsoons is the 
scarcity of observations in key geographic locations. For the NAMS, the observing system 
has severe limitations over parts of México, the intra-Americas Sea region, and the tropical 
oceans in general. NCEP model-based data assimilation systems including sounding data 
collected during the field campaign of the North American Monsoon Experiment (NAME) 
indicate a significant and beneficial impact of the added information at low levels in the 
atmosphere and mainly in the core monsoon region of northwestern México, southwestern 
U.S., and Gulf of California low-level jet (Mo et al. 2005). Similarly, studies at Centro de 
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Previsão de Tempo e Estudos Climáticos (CPTEC) including data from the South American 
Low-Level Jet Experiments (SALLJEX) suggest improvements in the low-level wind and 
moisture transport in the LLJ region (Cavalcanti and Herdies 2004). Improvement was also 
reported in the prediction of a mesoscale convective system (MCS) event that occurred 
during the SALLJEX. Additional data impact studies are under way in order to suggest 
efficient improvements of the observing systems. 

5.3. Future Climate Scenarios 

The CMIP3 models (from the most recent IPCC report) indicate that precipitation generally 
increases in the American monsoon regions due to anthropogenic effects. The monsoonal 
precipitation over parts of the NAMS domain (México and Central America), however, is 
projected to decrease. In regard to SAMS, model projections include precipitation increase 
over southeastern subtropical South America, and a precipitation decrease in all seasons 
along the southern Andes (Vera et al. 2006b).  

6. African Monsoons 

6.1. Contemporary Climate Variability and ENSO Impacts 

Africa, with the exception of its extremities, is a tropical continent. Its climate is defined by 
the alternation of wet and dry seasons following the passage of the sunb. This behaviour is 
most evident in West Africa - the bulge extending into the Atlantic Ocean north of the 
equator. As land surface temperatures reach 30°C in the Sahara desert in July-August, 
precipitation migrates northward into the Sahel. This migration is not smooth, rather it is 
characterized by a sudden jump from its location along the Guinea coast (Sultan and Janicot 
2003; Gu and Adler 2004)c. The same behaviour is not as pronounced south of the equator 
due to the greater mitigating influence of the surrounding oceans: but even in this case the 
rainfall peak, which occurs in February, is located equatorward of maximum temperature.  

The role of global sea surface temperatures in shaping the potential predictability of 
rainfall over tropical Africa has been thoroughly assessed in both observational and 
modelling studies. ENSO is known to affect west (Janicot et al. 1996; Ward 1998; Giannini 
et al. 2003), eastern-equatorial (Ogallo 1989; Schreck and Semazzi 2004) and southern 
Africa (Mason 2001). The expected outcome is complicated by the influence of other 
regional phenomena. Indeed hindcasts of the West African monsoon show very little skill 
when multi-model ensembles are used (Wang et al. 2009), compared to adjacent oceanic 
regions. Still, there is skill in operational seasonal forecasts at one-month lead time in the 
Sahel (Goddard et al. 2003). For the three month seasons from June-July-August (JJA) to 
August-September-October (ASO), the skill quantified by a positive Ranked Probability Skill 
Score (RPSS) is comparable to that of October-November-December (OND) or November-

                                                 
b The reader interested in teasing out the relative roles of land and ocean in the seasonal cycle over Africa and the 

adjacent tropical Atlantic Ocean is referred to a series of modelling studies by Biasutti et al. (2003, 2004, 2005). 
c This jump is consistent with inertial instability theory (Nicholson and Webster 2007). 
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December-January (NDJ) forecasts for eastern equatorial Africa, and slightly better than 
OND to January-February-March (JFM) forecasts for southern Africa (Barnston et al. 2010). 
In the Sahel one needs to remove the pronounced interdecadal variation to clearly isolate the 
impact of ENSO for below-average rainfall during warm events, and above-average rainfall 
during cold events. In eastern equatorial Africa, wet conditions during El Niño typically 
occur only in conjunction with a warming of the western equatorial Indian Ocean (Goddard 
and Graham 1999; Black et al. 2003; Giannini et al. 2008). In southern Africa the 1997-1998 
El Niño did not result in the expected drought due to the opposing tendency of a persistent 
circulation pattern in the adjacent southern Atlantic region (Reason and Jagadheesha 2005; 
Lyon and Mason 2007). 

A pronounced interdecadal variation has characterized the Sahel (the poleward margin of 
the northern hemisphere summer monsoon or equatorward margin of the Sahara) during the 
second half of the 20th century (Lamb 1982; Nicholson 1993; Trenberth et al. 2007). 
Anomalously wet conditions in the 1950s and 1960s gave way to progressively drier 
conditions, which bottomed out in the mid-1980s. This decadal variation is well captured in 
state-of-the-art atmospheric models forced with observed SST (Giannini et al. 2003, as in Fig. 
6; Lu and Delworth 2005; Tippett 2006), and in at least one instance of a coupled ocean-
atmosphere simulation of 20th century climate (Held et al. 2005). A continental-scale analysis 
of annual mean rainfall (Giannini et al. 2008) found that significant traces of such decadal 
variability, associated with a warming of the equatorial and southern oceans contrasted by 
cooling of the mid-latitude North Atlantic and Pacific (Folland et al. 1986), are ubiquitous in 
West Africa, but are also present at the margin of the southern African monsoon across 
Zambia and Zimbabwe.  

 
Figure 6. Variability in rainfall in the Sahel (10°N-20°N, 20°W-40°E) in observations (solid red) and ensemble 

mean of 9 simulations run with the NASA Seasonal to Interannual Prediction Project (NSIPP) model 
developed at Goddard Space Flight Center (Bacmeister et al. 2000) forced by observed SST (dashed blue). 
(from Giannini et al. 2003) 

 
A similar SST pattern has recently been attributed to external forcing in the 20th century 

simulations obtained from the CMIP3 database (Ting et al. 2009). In this context the apparent 
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recovery of seasonal rainfall totals in the Sahel since the mid-1980s is explained by the 
increased influence of an internal mode of variability of the coupled ocean-atmosphere 
system. The present phase of the Atlantic Multidecadal Oscillation (Hoerling et al. 2006) is 
countering the drying associated with warming of the equatorial Indian Ocean (Giannini et al. 
2003, 2005; Bader and Latif 2003; Hagos and Cook 2008). The recovery of Sahel rainfall 
(Fig. 6) contrasts a negative trend identified in merged satellite-gauge rainfall products in 
eastern equatorial Africa (Schreck and Semazzi 2004). 

Statistical and dynamical descriptions of the intraseasonal character of the West African 
monsoon have been the object of many studies since the seminal work of Burpee (1972) on 
African Easterly Waves. These studies have shown that the seasonal mean character of 
rainfall accumulation is reflected in the frequency of events rather than in their magnitude 
(Lebel et al. 2003), i.e. that a dry season is one with fewer, rather than weaker rainfall events, 
and that such conditions have clear associations with regional and global circulation patterns 
such as equatorial Kelvin and Rossby waves, and monsoonal surges (Matthews 2004; 
Mounier et al. 2007; Mekonnen et al. 2008; Moron et al. 2008a, 2008b). 

6.2. Future Climate Scenarios 

While apparently complex, these features on intraseasonal to decadal timescales connect the 
continental climates of Africa to climatic changes at the global scale. Whether any of the 
changes already witnessed, not only in seasonal rainfall totals, but also in the intraseasonal 
distribution of rain events, can be attributed to anthropogenic influences remains a topic of 
heightened interest given the vulnerability of African societies to weather and climate (Boko 
et al. 2007; West et al. 2008). Ascertaining the origin of recent trends at a continental scale 
(e.g., as done globally by Alexander et al. 2006) may also prove helpful in clarifying the 
mechanisms underlying projections of future climate change, which for this continent, as well 
as for most other tropical areas, are still fraught with great uncertainty (Christensen et al. 
2007). This is despite the progress made in conceptual models depicting expectation (Allen 
and Ingram 2002; Neelin et al. 2003; Held and Soden 2006). 

7. Future Modelling Challenges 

A grand challenge of monsoon modelling is to be able to inform end-users, local 
communities and policy makers of locally precise predictions for the monsoon regions, not 
only on seasonal timescales but also in the high frequency characteristics of interest, rainfall 
distribution etc. This applies not only to forecasting in the present day but also in climate 
projections of the coming decades and beyond. The work presented here has shown that, in 
some cases, there is still difficulty in simulating the local characteristics of monsoon 
precipitation and their evolution, perhaps related to deficiencies in the representation of 
orography, convective parameterization, or biases in the mean state itself. It is not clear, 
therefore, that such models can make accurate time-averaged projections of rainfall 
characteristics on all but the large scale. Despite the recent progress outlined in this chapter, 
several key issues have emerged which pose challenges for the direction of future monsoon 
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modelling research. These challenges affect the realistic simulation of observed features and 
concern primarily: (1) the processes more faithfully captured by adequate coupling between 
the ocean and atmosphere; (2) improvements to be made by increasing model resolution, 
particularly in the representation of scale interactions, and (3) missing physical processes that 
were not previously considered. 

7.1. Ocean-Atmosphere Coupling 

The importance of ocean-atmosphere coupling for correctly representing monsoon processes 
on many timescales has been increasingly demonstrated. On short timescales, insufficient 
coupling has been implicated in the poor representation of monsoon ISO (e.g., Kemball-Cook 
and Wang 2001), and its improvement has been shown to increase possible lead times in 
monsoon ISO forecast (Fu et al. 2007). While the current global coupled GCMs do show 
some evidence of northward propagation associated with monsoon ISO (Sperber and 
Annamalai 2008; Lin et al. 2008) their phase speeds in particular are deficient. The frequency 
at which information is exchanged between the atmosphere and ocean can also impact the 
representation of variability. For example, Bernie et al. (2005) demonstrated that by 
increasing the coupling frequency to every three hours from once per day, up to 90% of the 
daily variance in SST associated with the passage of the MJO could be modelled. At the 
longer timescales necessary for seasonal forecasting, coupled air-sea interactions continue to 
be important. For the Asian summer monsoon for example, Bracco et al. (2007), amongst 
others, have shown full coupling to a dynamic ocean in the Indian and west Pacific Oceans as 
necessary for representing the sign of the teleconnection with ENSO. Also related is the 
relationship between SST and local precipitation in various tropical oceans. In forced SST 
experiments, rainfall anomalies are positively correlated with SST in regions such as the 
South China Sea, however in reality, feedbacks to the ocean make some of these observed 
correlations negative (Wang et al. 2004). Thus Tier-1 systems are required for accurate 
dynamical seasonal prediction via both local and remote forcing. However, coupled models 
still contain large systematic biases in their mean state which are detrimental to seasonal 
prediction (Turner et al. 2005), for which other factors including model resolution and 
missing processes have a role to play.  

7.2. Model Resolution and Scale Interactions 

The high resolution modelling work outlined in this chapter has suggested that an improved 
representation of several monsoon characteristics can be achieved, such as the seasonal cycle, 
the structure and progression of the Mei-Yu/Baiu rain band during monsoon onset, 
representation of tropical cyclones, and the effects of orography on precipitation distribution. 
One of the challenges of increasing model resolution, especially in the horizontal, is the 
importance of correctly representing processes on the scales we are resolving, which may 
hitherto have been parameterized on the sub-grid scale. Higher resolution regional models 
nested within global GCMs have also been used to some extent in this regard; however they 
are ultimately still forced by boundary conditions from a coarse resolution model that 
exhibits its own inherent biases. Other studies have also shown the importance of high 
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vertical resolution in the ocean mixed layer to allow coupled ocean-atmosphere processes to 
be faithfully represented (Bernie et al. 2005; Klingaman et al. 2009). However, increased 
resolution is not a universal solution for the problem of systematic model error (Slingo et al. 
2003) and even the high resolution and regional models do not simulate the characteristics of 
daily rainfall adequately. Thus making future climate projections on local scales remains a 
challenge. 

A potential area of improvement offered by high resolution modelling lies in resolving 
multi-scale interactions in the tropical monsoon regions. The importance of interactions 
across spatial (and temporal) scales has become increasingly apparent, not only related to 
large scale decadal variations setting the basic state on which ENSO operates (Meehl et al. 
2001) but also on smaller scales which feed back to the large scale and mean state. As a 
useful example, Waliser (2006) suggested that the broad distribution of the boreal summer 
intraseasonal oscillation (BSISO) can modulate both the synoptic activity on smaller spatio-
temporal scales as well as providing feedbacks to remote large-scale circulations. For South 
Asia, this is manifested in the prevalence of depressions in the monsoon trough during active 
periods, or over East Asia in the development of typhoons or tropical cyclones. The coupling 
of equatorial waves with convection and interactions with the MJO (Wheeler and Kiladis 
1999) has clear implications for tropical convection, particularly our understanding of the 
influence of African Easterly Waves on the West African monsoon. Yang et al. (2009), 
amongst others, have shown that GCMs are capable of simulating convectively coupled 
equatorial waves, particularly when convection is situated off the equator. While interactions 
with the finest scales may only be possible using high resolution frameworks, perhaps in 
global cloud resolving models (CRMs) such as NICAM (Miura et al. 2007), several coarse-
resolution coupled GCMs have been successful in describing intraseasonal convection and its 
propagation (Sperber et al. 2008), suggesting that high resolution is not a panacea. Results 
from the Year of Tropical Convection (YOTC, Moncrieff et al. 2009) will offer great 
opportunities in advancing knowledge of scale interactions in the tropics based on integrated 
observational and modelling studies. 

7.3. Aerosols 

Aerosol physics and its effect on the monsoon systems have hitherto been inadequately 
modelled and represent an example of missing processes. Although sulphate aerosols have 
been known for some time to reduce the meridional temperature gradient over South Asia 
(due to the direct effect of reflecting solar radiation over land areas) and thus contribute to a 
weaker monsoon, it is only recently that the somewhat different role of black carbon aerosols 
has been elucidated. Since black carbon both reflects and absorbs solar radiation, and since 
black carbon aerosols have only been included in the most recent generation of global 
coupled climate models evaluated for future climate change, their role in apparently changing 
the seasonality of monsoon rainfall is a relatively new concept. As noted in Section 3 above, 
this combination of reflection and absorption of solar radiation adds a new uncertainty to 
future projections of monsoon behaviour. Since these aerosols are short-lived, curtailing their 
production could mitigate their effects. However, cooking fires are a major source of black 
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carbon aerosol over both Asia and Africa and so barring a significant change in socio-
economic infrastructure, it is likely that black carbon aerosols will continue to increase over 
the next few decades due to rising population. Given the potential for this increased loading, 
and that there are other aerosol species not yet included in the models (e.g., organic aerosols), 
then the role of the many types of aerosols, in concert with increases of GHGs, must be 
delineated in new generations of global coupled ocean-atmosphere GCMs in order to more 
properly assess their combined role in determining the future of the monsoon. 

Increasing the resolution and complexity of global GCMs as well as employing increased 
use of ocean-atmosphere coupling offers exciting opportunities for advancing our 
understanding of monsoon systems. However to be achieved it requires simultaneous 
progress in computational infrastructure, including data storage and transfer, as well as more 
optimal use of model codes that are parallelizable and easily scalable. In addition, advances 
in modelling will benefit from increased use of observing systems to constrain and inform our 
understanding of the monsoon systems. 
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